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METHOD AND KIT FOR INDUCING HYPOXIA IN TUMORS THROUGH THE 
USE OF A MAGNETIC FLUID 



SANJAY KOTHA 
TIRUMALAI S. SUDARSHAN, PH.D. 

BACKGROUND OF THE INVENTION 

[0001] The present invention is generally directed to treating 
tumors, and more particularly to a method of inducing hypoxia in tumors 
through the use of a magnetic fluid. 

[0002] Tumors consist of a core of hypoxic (low oxygen) cells 
surrounded by a mass of non-hypoxic cells. The hypoxic cells form up to 30% 
of the tumor and are due to the poor, inadequate blood vessels that are 
formed to feed fast growing tumor cells. In order for a tumor to grow beyond a 
certain size, the tumor cells need oxygen and nutrients. Therefore, tumors are 
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dependent on their vasculature to transport oxygen and nutrients in the blood 
to their cells. The growth of new blood vessels in tumors is termed 
angiogenesis. 

[0003] Traditionally, cancerous tumors are treated by excision, 
chemotherapy, radiotherapy, or a combination of the three. However, each of 
these treatments has various disadvantages. Excision is impractical with a 
diffuse mass and impossible if tumors are located in a surgically inoperable 
area. Both chemotherapy and radiotherapy are nonspecific and inefficient as 
they target and kill both cancerous and benign cells. There are also various 
side effects associated with chemotherapy, such as hair loss and nausea. In 
addition, many cancerous cells develop drug resistance during chemotherapy 
and tumors often remain resilient throughout radiotherapy. 

[0004] It has been proven that radiotherapy and chemotherapy 
are less effective in regions of hypoxic cells in tumors. In fact, hypoxic cells 
are three times more likely to resist radiation treatment. If non-hypoxic tumor 
cells are killed using radiotherapy or conventional chemotherapy, the tumor's 
previously dormant hypoxic cells may cause regeneration resulting in a more 
malignant, aggressive and treatment-resistant tumor. Administration of 
artificial oxidizing agents (nitroimidazoles) in combination with radiotherapy or 
chemotherapy, breathing of carbogen (an oxygen-rich gas) in combination with 
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radiotherapy or chemotherapy, and hyperthermia are known methods of killing 
hypoxic tumor cells. 

[0005] Angiogenesis suppressant drugs, such as endostatin and 
angiostatin, have been developed to slow or completely stop tumor growth. 
However, these drugs must be genetically engineered for clinical research, are 
difficult to maintain active in large quantities, and exhibit low stability under 
ambient conditions. Most importantly, anti-angiogenesis drugs alone may not 
kill all cells, 

[0006] Another technique for killing tumor cells combines 
blocking the transport of oxygen and nutrients in blood to the cells with 
chemotherapy drugs. This technique is called transcatheter 
chemoembolization and is used to treat cancers of the liver. In transcatheter 
chemoembolization, a catheter is placed in the artery that supplies the tumor 
with blood and chemotherapy drugs and tiny sponge particles are injected into 
the catheter. The chemotherapy drugs kill the tumor cells while the sponge 
particles decrease the blood flow to the tumor and cause it to shrink. 
However, liver cells are somewhat hypoxic and while this treatment kills tumor 
cells of the liver, it may not be effective in tumors located in other areas of the 
body. The technique also does not kill all tumor cells and there is a high 
probability of reoccurance. 
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[0007] Other typical tumor treatments occlude blood flow to the 
tumor. There are four major types of devices designed to occlude blood flow 
to tumors: "glue," thrombosis producing particles, balloons, and coils. The 
term "glue" refers to compounds delivered to blood vessels which solidify on 
the walls of the blood vessels. These compounds typically solidify when they 
are exposed to electrolytes in the blood. Thrombosis producing particles are 
particles of polyvinyl alcohol, silicone polymer, proteins, glass, latex, silk 
suture material, or other materials which block blood vessels with diameters 
smaller than those of the particles. A balloon can be inserted into a blood 
vessel by a catheter or other means and then inflated to occlude blood flow in 
the vessel. Lastly, coils placed within a blood vessel present an obstacle to 
blood flow and induce blood clots thereon to stop blood flow. 

[0008] However, all of these devices are subject to severe 
limitations. It is difficult to locate "glue" in a specific position as the cure rate of 
the "glue" varies. Thrombosis producing particles cannot block blood vessels 
with diameters larger than those of the particles, therefore, it is difficult to 
control the point of occlusion with thrombosis producing particles. Balloons 
may deflate or rupture the blood vessel and coils often fail to completely 
occlude blood flow. Complete occlusion might only be achieved with multiple 
coils and the use of multiple coils is costly and time consuming. 
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[0009] U.S. Patent 5,646,185 discloses a method of treating a 
solid tumor including administering a compound which activates protein kinase 
C (PKC) to tumor such that the compound is directed to the hypoxic cells in 
the tumor. Compounds which activate PKC are selectively cytotoxic under 
hypoxic conditions. Suitable compounds which activate PKC include phorbol 
esters, diacylglycerols, and thapsigargin. The cells may be hypoxic either 
because of poor vascularization or the administration of a vasoconstrictive or 
vaso-occlusive agent. The vasoconstrictive agent may be a pharmaceutical 
vasoconstrictive compound such as an alpha adrenergic direct or indirect 
agonist. The vaso-occlusive agent may be a biodegradable or biocompatible 
vaso-occlusive agent, such as a cross-linked collagen, a cross-linked 
polyethylene glycol, a cross-lined polyactic acid, a cross-linked polyglycolic 
acid, or the like. Although compounds which activate PKC may be considered 
hypoxic drugs, this patent does not utilize magnetic fluids as the 
vasoconstrictive or vaso-occlusive agents. 

[0010] Other forms of tumor treatment utilize magnetic fluids. 
Magnetic fluids are magnetic field responsive fluids containing magnetizable 
particles dispersed in a carrier liquid. 

[0011] Two types of tumor treatments which utilize magnetic 
fluids are magnetic hyperthermia and magnetic drug delivery. U.S. Patents 
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4,106,488; 4,303,636; 4,323,056; 4,545,368; 4,574,782; 4.662,359; 5,067,952; 
5,108,359; 6,167,313 and 6,149,576 disclose magnetic hyperthermia, a 
process of passing an alternating magnetic field across a magnetic fluid in 
order to heat the particles within the magnetic fluid so that they destroy the 
tissue in their path. For example, U.S. Patent 5,108,359 discloses a 
hemangioma treatment method comprising reducing the arterial blood flow to 
the hemangioma and administering a hard ferromagnetic substance to the 
hemangioma tissue wherein the hemangioma is under a magnetic field. Then 
the hemangioma is subject to an electromagnetic field of UHF frequencies or 
ultrasound energy as a hyperthermic treatment. In this patent, the hard 
ferromagnetic substance heats the tumor cells in the hyperthermic treatment. 
However, the success of magnetic hyperthermia has been hindered by the 
inability of current techniques to selectively heat many smaller visceral 
masses. It is also known in the art to chemically bind a drug to a ferrofluid, a 
type of magnetic fluid, and apply a magnetic field at the tumor site to direct 
and hold the drug at the tumor site (Lubbe, Cancer Res. 56: 4686 (1996)). 

[0012] U.S. Patent 5,236,410 discloses a tumor treatment 

method utilizing a ferrochemoembolizate. The arterial vessel that supplies the 
tumor is catheterized and a ferrochemoembolizate consisting of a magnetically 
hard ferromagnetic substance in a powder form, an oil medium, and an oil- 
soluble chemotherapeutic agent are injected into the catheter and 
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consequently into the tumor. During injection, a local magnetic field is applied 
onto the tumor area. The injection lasts for about 1-5 minutes and the 
magnetic field is maintained for an extra 5-10 minutes. After 1-3 days, the 
tumor is also subjected to hyperthermia. Ultrahigh radio frequency 
electromagnetic field or ultrasonic waves are applied to the tumor to the 
temperature of 43.0°-43.5° C for 5-45 minutes to ensure the death of the 
tumor cells. U.S. Patent 5,236,410 also states that, in cases of large tumors it 
may be desirable to reduce blood flow with a metal coil in the tumor feeding 
blood vessel after administration of the chemoembolizate. However, in this 
patent the chemoembolizate alone does not ensure death of the tumor cells. 

[0013] A method of treatment of hepatomas by the administration 
of a chemotherapeutic agent and ferromagnetic particles followed by 
hyperthermia is also known in the art (Sako M., Hirota S. Gan To Kagaku 
Ryoho, vol. 13, No. 4, pt. 2, 1618-1624 (1986)). A magnetic field acts to 
confines the chemotherapeutic agent and the ferromagnetic particles within 
the tumor. 

[0014] In view of the drawbacks associated with present 
treatments, there is a need for a better technique for the treatment of tumor. 
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OBJECTS AND BRIEF SUMMARY OF THE INVENTION 



[0015] The principal object of the present invention is to provide 
a method of treating tumors which overcomes the drawbacks associated with 
conventional treatments. 

[0016] An object of the present invention is to provide a method 
of converting non-hypoxic cells to hypoxic cells by using a magnetic fluid. 

[0017] Another object of the present invention is to provide a 
method of inducing hypoxia in a non-hypoxic region of a tumor by blocking a 
blood vessel feeding the tumor with a magnetic fluid and a device capable of 
generating a magnetic field. 

[0018] An additional object of the present invention is to provide 
a method of treating tumors which in conjunction with a hypoxic drug ensures 
the death of the tumor cells and does not require the hyperthermia step. 

[0019] Yet another object of the present invention is to provide a 
method of inducing hypoxia in a non-hypoxic region of a tumor by blocking a 
blood vessel feeding the tumor with a magnetic fluid and a device capable of 
generating a magnetic field in conjunction with a hypoxic drug in the tumor to 
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kill tumor cells in all regions of the tumor. The hypoxic drug kills originally 
hypoxic, as well as originally non-hypoxic cells. 

[0020] In summary, magnetic fluids are non-toxic and 
inexpensive and have demonstrated their usefulness in treating tumors. The 
present invention overcomes the shortcomings of the conventional treatments 
and kills tumor cells in all regions of the tumor. The present invention provides 
a method of inducing hypoxia in the non-hypoxic regions of tumors with 
magnetic fluids. Since this method ensures all regions of the tumor are 
hypoxic, it can be used in conjunction with hypoxic drugs to kill tumor cells in 
all regions of the tumor. 

[0021] At least one of the above objects is met, in part, by the 
present invention, which in one aspect includes a method of converting non- 
hypoxic cells into hypoxic cells by impeding oxygen supply to non-hypoxic 
cells in a subject in need thereof by using a magnetic fluid. 

[0022] Another aspect of the present invention includes a method 
of inducing a hypoxia in a non-hypoxic region of a tumor by administering a 
magnetic fluid in a subject in need thereof through a blood vessel feeding a 
tumor, and applying a magnetic field adjacent the tumor to join a plurality of 
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particles in the magnetic fluid to form a blockage in the blood vessel thereby 
impeding the flow of blood to the tumor. 

[0023] Another aspect of the present invention includes a method 
of treating a tumor by administering a magnetic fluid in a subject in need 
thereof through a blood vessel feeding a tumor, applying a magnetic field 
adjacent the tumor to join a plurality of particles in the magnetic fluid to form a 
blockage in the blood vessel thereby impeding the flow of blood to the tumor, 
and continuing to apply the magnetic field for a sufficient time to induce 
hypoxia in a non-hypoxic region of the tumor. 

[0024] Another aspect of the present invention includes a kit for 
treating a tumor, including a quantity of core particles of a magnetic material 
and having an average diameter of about 1 nm to 20 pm, and a device for 
generating a magnetic field. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] The above and other objects, novel features and 
advantages of the present invention will become apparent from the following 
detailed description of the preferred embodiment(s) of the invention, as 
illustrated in the drawings, in which: 
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[0026] Figure 1 is a schematic illustration of a portion of a blood 
vessel showing the conformation of the magnetic particles in the magnetic fluid 
not exposed to a magnetic field; 

[0027] Figure 2 is a view similar to Figure 1 , showing some of the 
particles magnetically coupled or joined to form blockages when exposed to a 
magnetic field; and 

[0028] Figure 3 illustrates various shapes of the magnetic 
particles for use in the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT(S) 
OF THE INVENTION 

[0029] The present invention provides a method for inducing 
hypoxia in the non-hypoxic regions of a tumor by delivering a magnetic fluid to 
one or more blood vessels feeding the tumor and solidifying the magnetic fluid 
with a device capable of generating a magnetic field such that the magnetic 
fluid completely or partially blocks the flow of blood, oxygen, and nutrients to 
the tumor. Preferably, the properties of the magnetic fluid are tailored such 
that the magnetic fluid completely blocks the flow of blood, oxygen, and 
nutrients to the tumor. 
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[0030] The magnetic fluid may be delivered to the tumor either 
through a catheter or by injection. A method, such as angiography in which a 
dye is injected into an area of the body to highlight blood vessels, may be 
used to identify and locate one or more blood vessels feeding the tumor. A 
catheter (not shown) is inserted into the blood vessel 10 that supplies a tumor 
and a magnetic fluid 12 is injected through the catheter (Figure 1). if the 
magnetic fluid 12 is delivered to the tumor by injection, the magnetic fluid 12 
may be injected into the blood vessel 10 that supplies the tumor or directly into 
smaller blood vessels supplying the tumor. As shown in Figure 1, since a 
magnetic field does not yet act upon the magnetic fluid 12, the magnetic 
particles 14 within the magnetic fluid 12 remain freely suspended and do not 
block the flow of blood 16 through the blood vessel 10 to the tumor. 

[0031] Once inside the vasculature feeding the tumor, the 
magnetic fluid 12 is acted upon by a magnetic field generated by a device 18 
capable of generating a magnetic field (Figure 2). The device 18 can be either 
internal or external to the body. For example, a micromagnet can be inserted 
at the tumor site or a magnet external to the body can be placed over the 
tumor site. Either a rare earth magnet or an electromagnet is an acceptable 
external magnet. As shown in Figure 2, the magnetic field causes magnetic 
coupling of the particles 14 within the magnetic fluid 12 into chains or bent-wall 
like structures 20 that block the flow of blood 16 through the blood vessel 10 to 
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the tumor. Consequently, the flow of oxygen and nutrients into the tumor is 
also blocked. After some time, the non-hypoxic regions/cells of the tumor 
become hypoxic (low in oxygen). 

[0032] Preferably, one or more hypoxic drugs is used with this 
method of inducing hypoxia in the non-hypoxic regions of a tumor in order to 
kill tumor cells. (The term hypoxic drugs refers to pharmaceuticals that 
become active only under conditions of low oxygen.) The hypoxic drug may 
be delivered to the tumor either before or after the magnetic fluid 12 is 
delivered to the blood vessel(s) feeding the tumor. The hypoxic drug may also 
be delivered to the tumor with the magnetic fluid 12. For example, if a catheter 
is used to deliver the magnetic fluid 12, a combination of a hypoxic drug and 
the magnetic fluid 12 may be injected into the catheter. The hypoxic drug may 
be delivered either intravenously, through a catheter, or by injection. The 
hypoxic drug acts immediately in the hypoxic regions of the tumor and kills the 
hypoxic cells. Once the non-hypoxic regions of the tumor become hypoxic 
due to blocking of the blood vessel(s) by the magnetic fluid, the hypoxic drug 
becomes active and kill these tumor cells. Therefore, the hypoxic drug kills all 
tumor cells, those in originally hypoxic regions, as well as those in originally 
non-hypoxic regions. The hypoxic drugs that may be used in the present 
invention include, but are not limited to, AQ4N (1 ,4-bis-{[2-(dimethylamino-N- 
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oxide)ethyl]amino}5,8-dihydroxyanthracene-9,10-dione), bioreductive 
alkylating agents such as mitomycin C, porfiromycin, and tirapazamine. 

[0033] The magnetic particles for use in the present invention 
may be synthesized by various methods, such as chemical synthesis, sol-gel, 
chemical co-precipitation and microwave plasma technique. The microwave 
plasma technique, described in U.S. Patent 6,409,851 by Sethuram et al. 
(incorporated herein in its entirety by reference) is the preferred technique as it 
is unique in that it gives better control over particle size, shape and purity, and 
can be readily extended to produce different compositions of powders. The 
composition includes a carrier medium and a particulate material of coated 
core particles, such as iron, iron oxide, cobalt, cobalt oxide, nickel, nickel 
oxide, or an alloy or a combination thereof. Preferably, the particulate material 
includes core particle of iron and its oxides. 

[0034] The average diameter or size of the particles can be from 
about 1 nm to 20 |im. The preferred size is about 10 nm to 5 fim, while the 
most preferred size is about 10 nm to 1000 nm. The size of the particles is 
directly related to toxicity, as the particles should be large enough so that they 
do not get absorbed inside the body, and yet small enough to escape the 
immunological response of the macrophages. In addition, the particle size also 
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directly translates Into the magnetic mass of the mixture, thereby affecting the 
magnetic properties. 

[0035] The shape of the particles is important for two reasons. 
First, the magnetic effect is dependent upon the particle volume fraction, which 
in turn is a function of the particle shape. For instance, needle-shaped 
particles exhibit similar magnetic effect at concentrations ten times smaller 
than spherical particles because of larger surface area per volume. Second, 
the flow characteristics of the particles in a liquid medium are dependent upon 
their shape. The shapes utilized in this invention include, but are not limited to, 
spherical, needle-like, cubic, irregular, cylindrical, diamond, oval, or a 
combination thereof. Figure 3 shows preferred particle shapes. 

[0036] In the present invention, one or more surface coatings on 
the particles serve several purposes, such as preventing particle 
agglomeration, rendering the particles biocompatible, and preventing 
dissolution of the magnetic materials. The types of coatings that may be 
utilized in the present invention, include silica, gold, a polymer, or a 
combination thereof. The polymer can be polyethylene glycol, dextran, 
Tween®, sorbitol, mannitol, or a combination thereof. The coatings are 
preferred as they can be functionalized and are non-toxic. The most preferred 
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coating is silica or gold, as they are both effectively inert with respect to 
dissolution in biological fluids. 

[0037] Colloidal particles have an inherent tendency to aggregate 
and form clusters or agglomerate due to attractive van der Waals (vdW) 
forces. To stabilize the particles against these attractive forces, it is necessary 
to introduce a repulsive interparticle force, either by an electrostatic or a steric 
means. Electrostatic stabilization utilizes the surface charge typically present 
on the particles, which is effective in a medium having a high dielectric 
constant, such as water, while in steric stabilization, a sufficiently thick layer of 
a polymeric or surfactant molecules is introduced around the particles. The 
surface layer functions as a steric barrier to particle aggregation, and thereby 
ensures the stability of the fluid. This technique is preferred for the present 
invention. The steric stabilizer for the particles are chosen from, but are not 
limited to, polyethylene oxide (PEO), dextran, and Pluronic® surfactants 
(available from BASF). The magnetic particles are preferably coated with a 
surfactant by physical or chemical adsorption in a solution phase. 

[0038] The coated particles are dispersed in a carrier liquid by 
high-speed shear mixing and ultrasonification to form a homogeneous fluid. 
Suitable carrier liquid includes water, Ringer's solution, normal saline, sugar 
solution, blood plasma, or a combination thereof. 
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[0039] Preferably, the particulate weight or volume fraction in the 
magnetic fluid is from about 1% to 90%. The particulate volume or weight 
fraction partially determines the magnetic properties of the magnetic fluid. A 
magnetic fluid with a greater particulate weight or volume fraction exhibits 
more magnetic susceptibility, but a greater zero field viscosity. The term zero 
field viscosity refers to the viscosity of the magnetic fluid when it is not 
exposed to a magnetic field. In the present invention, the zero field viscosity 
cannot be so large that the magnetic fluid loses fluidity as the magnetic fluid 
must travel to blood vessels feeding the tumor. Other factors which influence 
the magnetic properties of the magnetic fluid include particle composition and 
shape. The particulate weight or volume fraction and the composition and 
shape of the particles may be tailored to obtain desired rheological and 
magnetic properties of the magnetic fluid such that the magnetic fluid 
completely blocks blood flow to the tumor. 



EXAMPLE 



[0040] Ultrafine powders of iron with a particle size less than 
about 20 nm were produced using the proprietary microwave plasma chemical 
synthesis process described in U.S. Patent 6,409,851 by Sethuram et al. 
Vapors of iron pentacarbonyl were fed into the plasmatron with argon as the 
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plasma gas. The plasma gas flow rate was about 0.003-0.0034 m^/mln and 
that of the carrier gas was about 0.0003-0.0004 m^/min. The plasma 
temperature was about 900-950° C, the powder feed rate was about 50-60 
gm/hr, and the quenching water flow rate was about 2.0-2.5 liter/min at about 
20° C. The reactor column diameter was about 48 mm and its length was 
about 10". The microwave forward power was about 4 kW, the reflected 
power was about 0.7 kW, and the operating frequency was about 2450 MHZ. 

[0041] The iron particles were coated with dextran in solution 
phase and dispersed in water by high-speed shear mixing and 
ultrasonification. 

[0042] While this invention has been described as having 
preferred sequences, ranges, steps, materials, structures, features, and/or 
designs, it is understood that it is capable of further modifications, uses and/or 
adaptations of the invention following in general the principle of the invention, 
and including such departures from the present disclosure as those come 
within the known or customary practice in the art to which the invention 
pertains, and as may be applied to the central features hereinbefore set forth, 
and fall within the scope of the invention and of the limits of the appended 
claims. 
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